Serum amyloid A (SAA) represents an evolutionarily conserved family of inflammatory acute-phase proteins. It is also a major constituent of secondary amyloidosis. To understand its function and structural transition to amyloid, we determined a structure of human SAA1.1 in two crystal forms, representing a prototypic member of the family. Native SAA1.1 exists as a hexamer, with subunits displaying a unique four-helix bundle fold stabilized by its long C-terminal tail. Structure-based mutational studies revealed two positive-charge clusters, near the center and apex of the hexamer, that are involved in SAA association with heparin. The binding of high-density lipoprotein involves only the apex region of SAA and can be inhibited by heparin. Peptide amyloid formation assays identified the N-terminal helices 1 and 3 as amyloidogenic peptides of SAA1.1. Both peptides are secluded in the hexameric structure of SAA1.1, suggesting that the native SAA is nonpathogenic. Furthermore, dissociation of the SAA hexamer appears insufficient to initiate amyloidogenic transition, and proteolytic cleavage or removal of the C-terminal tail of SAA resulted in formation of various-sized structural aggregates containing ∼5-nm regular repeating protofibril-like units. The combined structural and functional studies provide mechanistic insights into the pathogenic contribution of glycosaminoglycan in SAA1.1-mediated AA amyloid formation.
heparan sulfate binding site | HDL binding site S econdary amyloidosis develops in patients with chronic inflammatory, infectious, and neoplastic diseases such as rheumatoid arthritis, inflammatory bowel disease, tuberculosis, and renal cell carcinoma (1) . The overall incidence of systemic secondary amyloidosis in Western nations ranges from 0.5 to 0.86%, but increases significantly in certain patients (2) (3) (4) . Deposition of the amyloid fibril in secondary amyloidosis (AA amyloid) can lead to progressive loss of splenic and renal functions. The main constituent of AA amyloid is the serum amyloid A protein (SAA), a major acute-phase protein and serum marker for inflammatory diseases (5) (6) (7) (8) (9) . Amyloid fibrils are protein aggregates with highly ordered characteristic β-sheet structures (10) . Current therapy for secondary amyloidosis is to use anti-inflammatory/immunosuppressive drugs or colchicine to reduce SAA levels (1) . However, adequate suppression of SAA production is often unsuccessful. New approaches are needed to target the process of amyloid formation (11) . SAA proteins are highly conserved throughout evolution. They are found in mammals and vertebrates, and even the more ancient sea cucumber (9) . However, there is no 3D structure available for the SAA family of proteins. Although the proteolytic fragments of SAA are the main constituents of AA amyloid fibrils (12) , SAA is normally complexed with highdensity lipoprotein (HDL) in the serum, and the dissociation of SAA from HDL in the pathogenesis of AA amyloid formation remains unclear. To understand the structural and functional aspects of SAA-mediated pathogenic amyloid formation, we determined the crystal structure of a major amyloid-susceptible human SAA, SAA1.1, characterized the glycosaminoglycan and HDL binding sites, and investigated the structural mechanism of AA amyloidogenesis. These structural insights help to understand the role of heparan sulfate in SAA release from HDL and to develop novel therapeutic compounds for the treatment of AA amyloid.
Results
The Structure of SAA1.1 Displays a Unique Antiparallel Four-Helix Bundle Fold. We expressed human SAA1.1 in Escherichia coli and purified the protein as previously described (13) . The refolded SAA1.1 was crystallized in the orthorhombic space group P2 1 2 1 2 in the presence of 2 M (NH 4 ) 2 SO 4 , and its structure was solved by multiwavelength anomalous dispersion using a selenomethionine derivative to 2.2-Å resolution with refined R work and R free values of 0.204 and 0.256, respectively ( Fig. S1A and Table S1 ). The SAA1.1 monomer forms an up-down-up-down four-helix bundle structure distinct from that of cytokines but similar to that of the apolipoprotein E (ApoE) N-terminal domain, except that the positions of helices 3 and 4 are switched ( Fig. 1 and Fig.  S1B ) (14) (15) (16) . Helices 1, 2, 3, and 4 are composed of residues 1-27, 32-47, 50-69, and 73-88, respectively. However, unlike other helix bundles, the SAA1.1 helix bundle is cone-shaped, with the N termini of helices 1 and 3 and the C termini of helices 2 and 4 packing closely together (Fig. 1A) . The C-terminal tail, residues 89-104, is well-ordered and wraps around one face of the bundle, forming multiple salt bridges and hydrogen bonds with three of the four α-helices, including Glu-26 and Tyr-29 of helix 1, Tyr-35 and Arg-39 of helix 2, and Trp-85 and Gly-86 of helix 4 (Fig. 1C) . Notably, the C-terminal carboxylate of Tyr-104 forms part of a four-residue charge cluster involving Tyr-35, Arg-39, and Arg-96 Significance Serum amyloid A (SAA) is a major serum acute-phase protein and a cause of secondary amyloidosis, which impacts ∼1% of patients with chronic inflammation such as rheumatoid arthritis and neoplastic diseases. The lack of structural information has hampered our understanding of SAA-mediated amyloidosis and the development of effective therapies. Here we report a crystal structure of human SAA1.1 as a prototypic member of the family. SAA1.1 exists as a hexamer with subunits displaying a unique four-helix bundle fold. We further defined binding sites for heparin and high-density lipoprotein, identified major amyloidogenic epitopes, and visualized SAAmediated protofibril formation using electron microscopy. These studies provide mechanistic insights into amyloidogenic conformational transition of SAA. This article is a PNAS Direct Submission.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1322357111/-/DCSupplemental. (Fig. 1C) . In this charge quartet, both the C-terminal carboxyl groups and the OH of Tyr-35 form bifurcated salt bridges with Arg-39 and Arg-96, effectively locking up the carboxylate termini. Indeed, this charge quartet is found invariant in SAA from all species (Fig. 1D) . In addition to the charge quartet, the C-terminal tail also contains three invariant proline residues at 92, 97, and 101, further restricting the conformation of the loop. The extensive conserved interactions between the C-terminal tail and the SAA1.1 helices suggest that the tail function stabilizes the SAA1.1 helix bundle structure. Overall, SAA proteins are highly conserved and share 61-80% in sequence identities from sea cucumber to rabbit to human, suggesting that all SAA family members share a common structural fold.
Hexameric Structure of SAA1.1. Although there are four SAA1.1 monomers in the asymmetric unit of the orthorhombic SAA crystals, they do not form any sensible oligomeric assembly (Fig.  S1D) , in contrast to published oligomers of SAA (17, 18) . This prompted us to question whether the presence of 4 M guanidine hydrochloride (Gn·HCl) during SAA purification disrupted its native oligomerization state, and led us to construct an N-terminal six-histidine-tagged SAA1.1 ( his6 SAA1.1) that can be expressed and purified in the absence of denaturants. The N-terminal histidine-tagged SAA1.1 was crystallized in PEG 2000 monomethyl ether in the space group R32, and its structure was solved to 2.5 Å by a molecular replacement method using monomeric SAA as the search model and refined to final R work and R free values of 0.249 and 0.258, respectively (Table S1 ). Unlike the orthorhombic crystals containing only the monomeric structure, SAA1.1 associates into a hexameric structure in the trigonal crystal through noncrystallographic twofold and crystallographic threefold axes ( Fig. 2 and Fig. S1C ). The subunit structures of SAA in this dimer of trimers are identical to each other and to that of orthorhombic SAA, with a root-mean-square deviation of less than 0.2 Å among all Cα atoms. Thus, the monomeric structure of SAA1 is stable in solution.
The trimeric SAA is formed by subunits A, B, and C and involves residues from the first α-helix through a circular headto-tail packing between the monomers ( Fig. 2A) . Each trimeric interface consists of a combination of hydrogen bonds, salt bridges, and hydrophobic interactions, burying ∼1,580 Å 2 of solvent-accessible area. For example, whereas the N-terminal helix 1 of subunit A packs against the C-terminal helix 1 of subunit B, the C-terminal helix 1 of A forms a set of identical interactions with the N-terminal helix 1 of C. Specifically, a network of hydrogen bonds and salt bridges is formed between Arg-1 of subunit A and Asp-33 of subunit B, as well as between Gly-8 and Asp-12 of subunit A and Trp-18, Ser-22, and Arg-25 of subunit B (Fig. 2C ). In addition, Phe-4 from subunit A forms hydrophobic interactions with Ile-65 from subunit B. The dimers are formed between trimers ABC and DEF with a largely The four-helix bundle and the C-terminal tail (CTL) interface residues of SAA1 are shaded in yellow and green, respectively. The predicted amyloidogenic residues in human SAA1 are highlighted in black boxes. The dimerization and trimerization residues in the SAA1 hexamer are shaded in red and cyan, respectively. The cluster mutation sites at the center pore and apex of the SAA1 hexamer are indicated by purple and blue dots, respectively. The semiinvariant and invariant residues are indicated by dots and asterisks, respectively, under their sequences. hydrophobic interface (Fig. 2B) . For example, Phe-3 of subunit A contacts Phe-3 and Phe-4 from subunit E, whereas Phe-6, Leu-7, and Trp-53 of subunit A interact with Ala-61, Ile-65, Phe-68, and Phe-69 from subunit D. Collectively, the dimer interface between the two SAA1 trimers buries a surface area of ∼3,180 Å 2 . Interestingly, this primarily hydrophobic dimeric interface buries the hydrophobic face of each trimer, leaving the hydrophilic faces exposed to the solvent (Fig. S2A) . The replacement of Trp-53, Ile-65, Phe-68, and Phe-69 with alanine residues at the dimer interface resulted in a severe aggregation of SAA1 proteins, indicating their role in the oligomerization of SAA1. However, an alanine substitution of the trimer interface residues Trp-18, Ser-22, and Arg-25 did not disrupt the oligomeric state of SAA1 (Fig. S2B) . Unlike the well-conserved interacting residues between the Cterminal tail and the helix bundle in each subunit, the dimer and trimer interface residues of the SAA1 hexamer are less conserved among different species (Fig. 1D) , arguing that other SAA proteins may form different oligomers (17) . It is worthwhile to mention that not all SAA proteins form amyloid fibrils. The oligomeric state and its intrinsic stability of different SAA proteins may influence their propensities for amyloid formation.
Oligomeric State of Human SAA1 in Solution. Biochemical characterizations of murine SAA2.2 showed the presence of various oligomeric forms such as hexamers, octamers, and monomers (17) (18) (19) . Because mouse SAA2.2 is amyloid-resistant, it is not clear whether the major amyloid-prone human SAA1.1 adopts similar oligomeric forms. The refolded SAA1.1 has an apparent molecular mass of 43 kDa by size-exclusion chromatography (SEC), consistent with it being a trimer or tetramer (Fig. 3A) (20) . Further analytical ultracentrifugation (AUC) experiments showed a sedimentation velocity (SV) profile of the refolded SAA1.1 consisting of monomers, trimers, and hexamers, with the majority being trimers at a concentration of ∼0.36 mg/mL but becoming monomers at lower concentrations (Fig. 3B) . Consistent with the SV/AUC data, the equilibrium sedimentation curves of the refolded SAA1.1 can be fit with three apparent molecular mass species of 11.9, 35.9, and 74.7 kDa (Fig. S2C) . Under the crystallization condition of a high concentration of (NH 4 ) 2 SO 4 , refolded SAA1.1 existed only as monomers (Fig. 3A) . To confirm whether native SAA1.1 forms hexamers in solution, the oligomeric state of his6 SAA1.1 was examined using SEC and AUC experiments. Both gel-filtration and SV/AUC analyses showed a larger apparent molecular mass (∼125 kDa) of his6 SAA1.1 (Fig. 3 A and B) , and further equilibrium sedimentation analysis showed that a purified his6 SAA1.1 sample contained a mixture of hexamers (∼30%) and dodecamers (∼70%) (Fig. S2D) . Treatment of this his6 SAA1.1 with 4 M Gn·HCl or mild detergent converted it to a trimeric form similar to that of the refolded SAA1.1 (Fig. 3C and Fig. S3A ), indicating that the native SAA1 oligomerizes as a dimer of trimers.
Glycosaminoglycan Binding Sites on SAA1.1. Glycosaminoglycans (GAGs), in particular heparin/heparan sulfate (HS), are known to associate with AA amyloidosis (21, 22) . Previous studies showed that the binding of mouse SAA to HS depends primarily on charge interactions, and that the association promotes the HDL release of SAA and facilitates their aggregation (23) (24) (25) . A number of basic residues in the C-terminal region of mouse SAA including Arg-83, His-84, Arg-86, Lys-89, Arg-95, and Lys-102 as well as His-36 have been implicated through studies of SAA peptide fragments and pH-dependent binding to HS. However, Arg-83 and His-84 of mouse SAA1 are not conserved in human SAA1.1. Arg-96 and Lys-103 (the equivalent of mouse Arg-95 and Lys-102) are involved in the C-terminal salt bridge clusters, and thus are partially buried and charge-neutral (Fig. 1C) . The hexameric association of SAA revealed two positively charged patches on the surface of each monomer. One patch is near the hexameric center of SAA1 and consists of Arg-15, Arg-19, and Arg-47 from each monomer forming a nine-arginine charge patch around the center pore of SAA on each trimer face (Fig. 4) . The other resides at the outer trimeric apex near its dimer interface and consists of Arg-1, Arg-62, and His-71 from the twofold axis-related monomer to form a six-arginine charge patch at each trimeric apex. To address the involvement of these two patches in heparan sulfate binding, we generated two alanine-cluster mutations: a triple mutation of R15A/R19A/R47A at the center pore and a triple mutation of R1A/R62A/H71A at the trimer apex. Both triple-alanine mutants exhibited apparent wild type-like hexamer association by SEC (Fig. S3B) , suggesting no gross conformational disruptions due to the mutations. Their binding to heparin was characterized using ELISA as well as surface plasmon resonance by Biacore (Fig. 4D and Fig. S4 ). The heparin binding affinities measured by Biacore were 230 ± 27 nM for the wild type, 1,009 ± 163 nM for the pore charge mutant, and 1,712 ± 601 nM for the trimer apex mutant of SAA. Thus, the two charge mutations resulted in four-and sevenfold weaker affinities to heparin binding, suggesting that both regions are involved in GAG binding. These structurebased mutational analyses support the involvement of positively charged residues in GAG binding and define at least two HS binding sites on SAA.
HDL Binding Site on SAA1.1. In the serum, SAA1 normally associates with HDL. The HDL binding site on SAA and its release during the pathogenic formation of AA amyloid remain unclear. Previous work showed that a mutation or truncation in helix 1 resulted in the loss of HDL binding, suggesting that the N terminus is involved in HDL binding (26) . To address whether the dissociation of the SAA hexamer into multiple oligomeric forms contributes to the SAA release from HDL, we measured the binding of HDL to the hexameric, trimeric, and monomeric SAA1 by ELISA. The results showed that HDL bound all three oligomeric forms of SAA (Fig. 4E) , consistent with an earlier observation of HDL binding by the SAA monomer (27) . Earlier work showed that heparan sulfate promoted mouse SAA dissociation from HDL (25) , suggesting a potential overlap in GAG and HDL binding sites on SAA. To further investigate the HDL association, we examined HDL binding of the two SAA1 charge cluster mutations, both with reduced GAG binding. Whereas the center-pore triple-charge mutant retained HDL binding, the apex charge mutant exhibited a near-complete loss of HDL binding, indicating the involvement of the apex charge residues (Arg-1, Arg-62, and His-71) in SAA1.1 binding to HDL (Fig. 4F) . This HDL binding site includes part of the N-terminal region and is consistent with the previous mutational results (26) . Because the trimer apex region is one of the two GAG binding sites, the shared binding site between HDL and HS provides a competitive binding mechanism for GAG-mediated release of SAA from HDL. Indeed, heparin blocked the binding of both the wild-type and centerpore charge mutant SAA1.1 to HDL (Fig. 4F) . It is worth noting that the constellation of this three-charge cluster is sensitive to the native conformation of SAA with Arg-1 in helix 1, Arg-62 in helix 3, and His-71 in the loop between helices 3 and 4. Consistently, HDL binding was significantly reduced for the C-terminal truncated maltose binding protein (MBP)-SAA1 89 mutant, despite having all three binding residues (Fig. 4E ). This loss of HDL binding could be the result of a conformational disruption from the removal of the C-terminal tail or steric hindrance from MBP. Interestingly, SAA in acute-phase serum showed significant binding, albeit reduced compared with recombinant SAA, to HDL (Fig. 4E) , suggesting either that there is some free (non-HDLassociated) SAA in the serum or that there are additional binding sites on HDL-associated SAA, such as the presence of three trimer apex charge clusters in each SAA hexamer.
Amyloidogenic Core of SAA1. A general character of amyloid formation is the involvement of conformational transitions or structural rearrangements of proteins from native, nonaggregated structures to aggregated amyloid fibrils mediated by short interlocking β-strands, termed steric zippers (10, 28) . Although we expected the presence of similar short β-strands in SAA1.1, it was to our surprise that the native SAA1.1 is an all-α-helical structure with no detectable β-strands. Where is the amyloidogenic element of SAA1.1 and how does an all-α-helical structure transit to amyloid fibrils? Previous studies have suggested the N-terminal residues of SAA1.1 to be amyloidogenic (26) . To investigate the amyloidogenic region in SAA1.1, we synthesized the peptides that correspond to each of the four helices of SAA1.1 and carried out fibril formation assays using thioflavin T (ThT) staining (29) . Among these peptides, the helix 1-corresponding peptide exhibited the most ThT fluorescence enhancement as a function of time at a concentration as low as 50 μg/mL, indicating a spontaneous structural transition and cross-polymerization (Fig.  5A ). This result is consistent with previous studies showing that deletion of the first 11 residues of SAA1 dramatically decreased its capability of forming amyloid fibrils (26, 30) . Helix 3 peptide showed ThT binding in a dose-dependent manner at higher concentrations (Fig. S4C) . These results are consistent with the 3D profile-based prediction algorithms ZipperDB and TANGO (31, 32) , which identified the N-terminal segments of helix 1 (residues 2 SFFSFLG 8 ) and helix 3 (residues 52 VWAAEAIS 59 ) as likely amyloidogenic peptides. The presence of fibrils in these peptides was further examined using electron microscopy (EM). Consistent with the ThT staining, the EM images showed the presence of fibril structures associated with helix 1, but much shorter protofibril-like structures associated with helix 3 (Fig. 5B) .
The Structural Mechanism of SAA1-Mediated Amyloidogenesis. Both helices 1 and 3 are involved in oligomerization and are secluded in the SAA1.1 hexamer, suggesting that the native structure is not amyloidogenic and that hexamer dissociation precedes amyloidogenesis (27) (Fig. 2B) . Previously, peptides corresponding to residues 1-50, 1-64 or 69, 1-76, and 1-80 or 89 of SAA1.1 were identified from AA amyloid fibrils (12) . These peptides match the secondary-structure boundaries between helices 2 and 3, 3 and 4, and at the end of helix 4 (Fig. 1) . Consistent with previous reports (12) , cathepsin B digestion of SAA resulted in enhanced ThT incorporation (Fig. 5C ). To address whether removal of the C-terminal tail is sufficient to destabilize the SAA four-helix bundle structure and lead to amyloidogenic conformational changes, we expressed a four-helix bundle-only form of SAA1.1 (residues 1-89) fused to a maltose binding protein (MBP-SAA1 89 ). This truncated SAA is present in various oligomeric forms (Fig.  3D and Fig. S3C ). In particular, the aggregate form exhibited an enhanced ThT fluorescence intensity at 485 nm and a characteristic red shift in Congo red absorption from ∼480 nm to ∼530 nm compared with the native SAA1 (Fig. 5D and Fig. S3D ). The structure of MBP-SAA1 89 was then examined by EM imaging. The native SAA1.1 hexamer was visible as mostly single particles, whose class averaging resulted in a two-layered, doughnut-shaped object ∼70 Å in diameter and 60 Å in height with a 25-Å central opening, matching that of the SAA hexamer in the crystal (Fig. 5E ). In contrast, distinct particle shapes from the doughnutshaped native SAA were observed in both the oligomeric and aggregated MBP-SAA1 89 samples (Fig. 5) . In particular, aggregated MBP-SAA1 89 contained various-sized and -shaped amorphous particles not present in the native SAA sample (Fig. 5G) . Some form circular assemblies 22-60 nm in diameter containing 12-50 similar nod-like structures; others show a chain linked of such nods. Regardless of the size and shape of their assembly, the individual nod-like structures are spaced apart evenly with a 4.5-to 5.8-nm pitch, similar to that of amyloid-β protofibrils (33) . One structural interpretation of these EM images is that MBP molecules are chain-linked by SAA amyloid-like structures into 600-2,000 kDa particles (Fig. 3D) .
Discussion
Secondary amyloidosis, characterized by the deposition of AA amyloid in tissues and organs, is a major complication of many chronic inflammatory diseases (1, 2) . However, the structural basis of AA amyloidosis remains largely unknown. Here we present a crystal structure of human SAA1.1, showing a unique cone-shaped up-down-up-down four-helix bundle fold, partially resembling the four-helix bundle of ApoE except that the positions of helices 3 and 4 are switched. Whereas the four-helix bundle fold of SAA is likely preserved throughout the family, residues involved in oligomerization of SAA1.1 vary significantly, suggesting individual members may exhibit different oligomerization states. The topological resemblance of SAA to ApoE is interesting because both associate with HDL, and it raises the question of whether they share a common mechanism in glycosaminoglycan and HDL binding. Despite the structural solution of ApoE over 20 y ago (16, 34) , the mechanism of its binding to HDL remains unclear (35) . The association of SAA with glycosaminoglycan and HDL is shown primarily to be chargedependent (23) (24) (25) (26) . There are two patches of positively charged surfaces on SAA, one located near the central hexamer pore and the other on the apex of each trimer. Alanine mutations of the two charge clusters showed that both contribute to heparin binding. Two of the three charged residues are conserved between human and mouse in both the center (Arg-15, Arg-19, and Arg-47) and apex (Arg-1, Arg-62, and His-71) charge clusters, suggesting additional charged residues involved in mouse SAA binding to GAG. Notably, some of the charged residues implicated in mouse SAA and HS association are located near either the center or the apex charge clusters. Interestingly, only the apex charge cluster appears critical to HDL binding, suggesting that HDL binding also requires structural elements. Consistently, the C-terminal truncated SAA lost its ability to bind HDL despite the presence of wild-type charged residues. The shared binding site between HDL and HS suggests a GAG-mediated competitive release of SAA from HDL at the site of inflammation.
Unlike many amyloid-prone structures, human SAA1.1 contains no β-strands. The seclusion of the N-terminal amyloidogenic peptide obligates hexamer dissociation prior to amyloid formation. It is likely that various oligomeric forms of SAA differ in their function and pathogenicity. For example, the monomeric and trimeric but not hexameric forms are likely amyloidogenic. It is conceivable that the concentration of these potentially pathogenic forms of SAA increase dramatically during inflammation and infection. Unique to the SAA four-helix bundle is the presence of a C-terminal loop, residues 89-104, forming extensive salt bridges and hydrogen bonds with its four-helix bundle. Although it is itself outside of the helix bundle, the presence of extensive interactions suggests that the C-terminal loop is critical to the stability of the helix bundle. Indeed, the four-helix bundle-only truncation SAA1 89 exhibited an enhanced tendency to form amyloid-like aggregates visible by EM.
In conclusion, the combined structural, mutational, and binding studies suggest a mechanism for human SAA1.1-mediated AA amyloid formation in which the native SAA is dissociated from HDL by binding to tissue-associated heparan sulfate proteoglycans. Further dissociation of the hexamer and proteolytic cleavage would expose the amyloidogenic peptides and initiate conformational changes.
Experimental Procedures
Detailed methods are provided in SI Experimental Procedures. In brief, mature human SAA1.1 peptide (residues 1-104) was cloned into a pET30a vector and expressed with ( his6 SAA1) or without (SAA1) an N-terminal histidine (his 6 ) tag in E. coli (BL21) and purified by either a HisTrap HP column (GE Healthcare) or a DEAE column and gel-filtration column. All mutations were generated using a QuikChange Mutagenesis Kit (Qiagen). SAA1 and histidine-tagged his6 SAA1 were crystallized in P2 1 2 1 2 and R32 space groups, respectively. The structures were solved by initial selenomethionine phasing of P2 1 2 1 2 crystals and subsequent molecular replacement phasing of the hexamer structure in R32 crystals. The structures were refined using REFMAC (36) and PHENIX (37) software packages. The AUC experiments were performed using a Beckman Coulter XL-A centrifuge, and the data were analyzed using SEDFIT and SEDPHAT software packages (38) . Amyloid fibril formation of various SAA peptides and purified proteins was detected by thioflavin T fluorescence and Congo red absorption using a Synergy H1 hybrid reader (BioTek). Binding experiments of SAA to heparin and HDL were carried out either using a Biacore 3000 instrument or by ELISA. Negative-staining electron microscopy images were acquired on a Tecnai T20 microscope (FEI) at 120 kV using a 4K × 4K CCD camera (Gatan).
